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Greenhouse gas (GHG) emissions were evaluated from crop production through the on-farm portion of
the milk supply chain for ﬁve production regions in the USA derived from publicly available data and
from 536 surveys of farm operations collected from dairy operations nationwide. The production
weighted national average footprint at the farm gate was 1.23 kg carbon dioxide equivalent (CO2e) per kg
of fat and protein corrected milk (fat, 4%; protein 3.3%). Regional differences in GHG emissions per kg
milk produced can be primarily traced to differences in production and management practices. Feed-to-
milk conversion efﬁciency is shown to be the single most important explanatory variable, followed by
choice of manure management technology. While there is no one-size-ﬁts-all solution, GHG emissions
reduction opportunities exist across the spectrum of dairy management options. However, as with all
decisions, it is important to weigh potential trade-offs with other environmental and economic impacts.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
In June 2008, American dairy leaders and experts met in Rogers,
Arkansas for the inaugural Sustainability Summit: Creating Value
through Dairy Innovation. The Summit was an unprecedented
gathering of 250 leaders representing producers, processors, non-
governmental organizations, university researchers and govern-
ment agencies. Together, these stakeholdersmade an industrywide
commitment to reduce ﬂuid milk’s carbon footprint while
increasing business value and developed a roadmap with action
steps that impact every step of the value chain, from farm to
consumer. As part of its commitment to sustainability and envi-
ronmental leadership, the Innovation Center commissioned a life
cycle assessment (LCA) of the greenhouse gas (GHG) emissions
from the ﬂuid milk supply chain. This study is one of the largest of
its kind ever conducted; collecting data from 536 farms coveringAll rights reserved.a wide range of management practices, which contrasts with many
published studies that frequently are case studies with limited
breadth of management practices covered. The results serve as the
foundation for the creation of best practices and decision-support
tools for producers, processors and others throughout the dairy
supply chain, and will be used to foster the long-term viability of
the industry.
This LCA was performed in compliance with International
Organization for Standardization (ISO) 14040:2006 and 14044:2006
standards for life cycle assessment, with the exception that a single
impact assessment method, global warming potential, was adopted
while ISO standards call for the application of a wider range of
impact assessment categories. Retail businesses are beginning to
engage their supply chains in an effort to encourage adoption of
best practices and development of innovative solutions to reduce
environmental impacts while maintaining value. Approximately
72e75% of the entire ﬂuid milk supply chain GHG emissions occur
before the dairy farm gate, thus a thorough understanding of the
factors inﬂuencing these emissions is an important ﬁrst step in the
Fig. 1. National Agricultural Statistics Service (NASS) dairy herd demographics in 2007;
histogram bars give the number of farms, the black line the cumulative milk
production.
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et al., 2012b). Post-farm GHG emissions associated with milk
transportation (Ulrich, Thoma, Nutter, & Wilson, 2012), processing,
packaging, distribution (Nutter, Ulrich, Kim, & Thoma, 2012), retail,
consumption, and disposal (Thoma et al., 2012b) are discussed in
other papers in this special issue.
The goal of this work was to determine GHG emissions for the
functional unit of 1 kg of fat and protein corrected milk (FPCM; 4%
fat, 3.3% protein) by USA dairy farmers and identify regional or farm
size effects. The scopewas cradle to farm gate, speciﬁcally including
pre-combustion burdens for primary fuels production and other
inputs required for milk production. Thus GHG emissions associ-
ated with production and use of fertilizer for crops and other off-
farm emissions were included.
The dairy sector has been the subject of many LCA studies (e.g.,
Basset-Mens, Ledgard, & Boyes, 2009; Capper, Cady, & Bauman,
2009; Cederberg & Flysjö, 2004; Cederberg & Mattsson, 2000;
Cederberg, Sonnesson, Henriksson, Sund, & Davis, 2009; de Boer,
2003; Gerber et al., 2010; Thomassen, Dolman, van Calker, & de
Boer, 2009). Each of these research teams has made slightly
different methodological choices: there are some differences in
system boundaries and they typically use a different procedure to
allocate impacts to milk and beef. Nevertheless, the majority of the
studies report similar GHG emissions at the farm gate, ranging from
approximately 0.75e1.5 kg CO2e kg1 milk and 85e90% allocation
of burdens to milk compared with the beef co-product. The Food
and Agriculture Organization of the United Nations (FAO) reports
the USA average farm-gate GHG emission as 1 kg CO2e kg1 FPCM
(Gerber et al., 2010). Each of the studies identiﬁes enteric fermen-
tation and manure management as major sources of GHG emis-
sions. A number of these studies have been summarized by Thoma
et al. (2012b); Guinard, Verones, Loerincik, and Jolliet (2009)
present a comprehensive review of dairy related LCA studies.
2. Materials and methods
2.1. Functional unit
The functional unit of this study is one kg of FPCM, or energy
corrected milk (ECM) milk at the farm gate. Because much of the
energy in dairy feed is converted to milk solids (fat, protein, etc.),
and not all farms produce milk with standard fat and protein
composition, we have normalized on-farm production to a stan-
dard milk (4% fat, 3.3% protein) using the National Research Council
(NRC, 2001) approach for fateprotein corrected milk; the calcula-
tion is based on the ratio of the energy content, as determined by
fat and protein concentrations, of produced milk to standard milk.
The following relationship was used to convert farm production to
a fat and protein corrected basis:
FPCM ¼ MPð0:0929Fþ 0:05882Pþ 0:192Þ
0:0929 ð4%Þ þ 0:05882 ð3:3%Þ þ 0:192
¼ MPð0:092Fþ 0:05882Pþ 0:19Þ
0
(1)
where FPCM is the fat and protein corrected milk production
(kg y1); MP is the reported milk production (kg y1); F is the
percentage milk fat (as %) in the produced milk and P is the
percentage true protein (as %) in the produced milk.
2.2. Data sources
Data were collected from numerous sources including the US
Department of Agriculture (USDA) National Agricultural Statistics
Service (NASS) and Economic Research Service (ERS), peerreviewed literature related to LCA ofmilk, other technical literature,
consultation with experts in different ﬁelds, and an extensive
survey of 2008 dairy farm operations by region. A detailed
discussion of survey development and distribution is presented by
Popp et al. (2012). The survey, designed to assess whether the
carbon footprint of dairy farms changes with region or farm/herd
size, was distributed to over 5000 producers, of which 536 volun-
tarily responded. The national demographics of dairy producers
from NASS and demographics of the survey responses are shown in
Figs.1 and 2. In general the survey sample had lower representation
from smaller operations than the actual population of dairy farms;
however, the cumulative milk production curves are similarly
shaped suggesting that the results from the survey are an accept-
able representation of national farm demographics.
SimaPro 7.1 was used as the primary modeling software; the
ecoinvent database version 2.2 was used to model the ‘upstream’
unit processes associated with materials like primary fuels, fertil-
izer production and refrigerants (Frischknecht & Rebitzer, 2005).
Technosphere ﬂows used in the LCAmodel were characterizedwith
a combination of the inherent variability found during the statis-
tical data aggregation and the pedigree matrix of data quality used
by the ecoinvent database (Weidema, 1998). MatLab was used for
data reduction to create regional and national averages. Data from
the surveys and other USA-speciﬁc information was incorporated
into the model to the extent that it was available. We have used
the Intergovernmental Panel on Climate Change carbon dioxide
equivalency factors: 25 for methane and 298 for nitrous oxide
(IPCC, 2006).
2.2.1. Dairy rations
In the assessment of GHG emissions associated with production
of the principal grains used in animal rations (Adom et al., 2012),
two main sources of agricultural data were used: crop production
data in terms of annual yield of crop/acre, and agricultural chemical
use statistics including annual fertilizer and pesticide totals, both
reported at the state level fromUSDA NASS (2007, 2008). State level
data were then organized into the dairy production regions as
explained in Popp et al. (2012).
Few data have been collected at aggregate levels for cattle
forage. GHG emissions from cattle forage production were esti-
mated through an analysis of crop production budgets which
provided estimates for the inputs needed to produce alfalfa and
grass hay, silage, and pasture.We extracted average consumption of
fuel and electricity, fertilizers and soil amendments (nitrogen,
Fig. 2. Producer survey response demographics; histogram bars give the number of
farms, the black line the cumulative milk production.
G. Thoma et al. / International Dairy Journal 31 (2013) S29eS40 S31phosphorous, potassium, sulfur, boron and lime), and crop
protection chemicals. MacDonald, Ribaudo, Livingston, Beckman,
and Huang (2009) reported that 6.9% of hay and pasture land
receive manure as fertilizer; we thus estimated the national
average manure application rate to hay and pasture to be 6.9% of
recommended nitrogen requirements (from production budgets).
They reported that 87.5% of dairy cattle manure is spread on corn,
and approximately 5% on soybeans (MacDonald et al., 2009).
We aggregated the available budgets by un-weighted averages
within a region to estimate a regional average. After compiling
inputs for speciﬁc crop production, these were entered as inputs to
a new unit process, and GHG emissions were estimated using
SimaPro 7.1 with the IPCC global warming potential (GWP) 100 year
impact assessment methodology (IPCC, 2007).
Somewhat surprisingly, grass has a higher GWP than other
forage crops and nearly as high as corn grain. Grass typically
requires less maintenance and inputs, but produces lower yields
than many other crops. In addition, there is much higher variability
and uncertainty in actual yield than for commodity row crops.
Region 2, which has the highest GHG emissions for grass and hay
production, also has higher fuel, lime, and nitrogen use, based upon
the available budget information. For all crops accounted in this
study, we followed the IPCC (2006) guidelines for emissions asso-
ciated with crop residue.
2.2.2. Enteric fermentation
Enteric fermentation is known to be dependent on the animal’s
diet, and a large body of research focuses on the effect of diet on
methanogenesis in ruminants. For instance, methane release can
vary as much as 50% between low-quality diets, high quality, and
concentrate-rich diets (Johnson & Ward, 1996). Diets ranging from
silages of maize and grasses, hays, and cereal grain, each have
different carbohydrate concentrations, dry/wet matter weightTable 1
Rations used for evaluation of enteric methane models.
Diet Reference D
Control ration Johnson et al. (2007) Ch
Medium fat ration Johnson et al. (2007) Lo
High fat ration Johnson et al. (2007) H
Total mixed ration Kinsman et al. (1995) H
Alfalfa silage-based Westberg et al. (2001) M
Corn silage-based Westberg et al. (2001) M
Chopped alfalfa Belyea et al. (1985) Lo
Long alfalfa (maintenance level) Belyea et al. (1985) Loratios, lipid content, and various other dietary factors which all
inﬂuence methane production.
Much effort has been expended to model and predict enteric
methane emissions from cows fed speciﬁc diets, with moderate
success (Blaxter & Clapperton, 1965; Ellis et al., 2007; Hindrichsen,
Wettstein, Machmüller, Jörg, & Kreuzer, 2005; Mills et al., 2003;
Moe & Tyrrell, 1979). It is clear that on-farm methane measure-
ments are not feasible as a general method for estimation of enteric
methane production. Thus, wewere faced with the task of choosing
among published models. We compared the aforementioned pub-
lished models by evaluating the enteric methane prediction from
the model against experimental observations where the diet
consumed and enteric methane emissions were both quantiﬁed as
summarized in Table 1. (Belyea, Marin, & Sedgwick, 1985; Boadi &
Wittenberg, 2002; Johnson, Franzluebbers, Weyers, & Reicosky,
2007; Kinsman, Sauer, Jackson, & Wolynetz, 1995; Westberg,
Lamb, Johnson, & Huyler, 2001). The characteristics of the experi-
mental rations necessary for each model were used as the model
input, and the model prediction of enteric methane emissions were
compared with the experimentally reported values. The model
proposed by Ellis et al. (2007) had the lowest average root-mean-
square-error (0.12) and was used for prediction of enteric methane
emissions in this study (Fig. 3).2.2.3. GHG emissions from manure management
The American Society of Agricultural Engineers manual (ASAE,
2005) on manure characteristics was used to predict the quantity
of manure generated; this approach was adopted for all farms in the
survey. An algorithm to apportionmanure into the reportedmanure
management systems (MMS) was developed. In the farm survey,
each respondent indicated what fraction of time each animal class
spentonpasture; this informationwasused todetermine the fraction
of manure that was actively managed in the manure management
system compared with that passively managed by direct deposition
to the pasture.When available, the reportedmanure quantitieswere
used as estimators for the relative frequency of use of an MMS to
distribute manure to semi-solid or liquid MMS. When this informa-
tionwas not provided, the producedmanurewas distributed equally
between liquid/slurry and semi-solid MMS. Manure was distributed
according to the reported fractions for each MMS being used at the
facility. Temperature is an important parameter in the estimation of
methane release associated with each of the manure management
techniques. We extracted monthly average temperature data from
the National Climatic Data Center US global summary of day dataset
for 2008 (NOAA, 2008). AMatLab programwaswritten to ﬁnd all the
weather stationswithin an approximately 100mile radius fromeach
USA county’s centroid; temperatures recorded at each of these
stations were averaged to determine the monthly average temper-
ature for thecounty. Afterdetermining the local average temperature
and the quantity of volatile solids handled byeachMMS, IPCC (2006)
emission factors for methane were applied to calculate the total
manuremanagementmethaneemissions foreach farm in thesurvey.iet Reference
opped alfalfa (ad libitum) Belyea et al. (1985)
ng alfalfa (ad libitum) Belyea et al. (1985)
igh quality legume/grass (ad libitum) Boadi and Wittenberg (2002)
igh quality legume/grass (restricted) Boadi and Wittenberg (2002)
edium quality grass (ad libitum) Boadi and Wittenberg (2002)
edium quality grass (restricted) Boadi and Wittenberg (2002)
w-quality grass (ad libitum) Boadi and Wittenberg (2002)
w-quality grass (restricted) Boadi and Wittenberg (2002)
Fig. 3. Root-mean-square-error (RMSE) for different enteric methane model predictions for 16 different diets. The red column is the RMSE for the model, and the data label is the
RMSE value.
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through nitriﬁcationedenitriﬁcation to N2O. Manure characteris-
tics from the different dairy animal types has been extensively
studied and modeled by the American Society of Agriculture
Engineers (ASAE, 2005). The predicted nitrogen excretion rates (NE)
per animal types were used along with the herd demographics to
estimate the total N produced per farm per year. Using the indi-
vidual farm ration information coupled with the data provided in
the NRC handbook (NRC, 2001), an estimate of the actual crude
protein consumption by each animal class on each farmwas made.
Supplementarymaterial is availablewith average animal rations for
each of the ﬁve production regions. This farm speciﬁc value for
crude protein was used in the following calculations to estimate
a farm speciﬁc nitrogen balance. The following are Eqs. (5.14), (5.17)
and (5.19) (ASAE, 2005):
NELac ¼ 2:303$MPþ 0:159$DIMþ 70:138$DMI$CCP
þ 0:193$BW 56:632 (2)
NEDry ¼ 12:747$DMIþ 1606:29$CCP  117:5 (3)
NEHelfer ¼ 78:390$DMI$CCP þ 51:35 (4)
where NE is the nitrogen excretion, g animal1 day1; MP is themilk
production, kg animal1 day1; DIM is the number of days in milk
(days since calving); estimated as: (average calving intervale 60)/2;
DMI is the drymatter intake for an animal class, kg day1; BW is live
body weight, kg; CCP is concentration of crude protein in the ration,
g protein g1 DMI.Based on the reported rations, the daily nitrogen excretion
calculated ranged from approximately 0.2 kg day1 for open heifers
up to 0.43 kg day1 for multiparous lactating cows. These estimates
were combinedwith Tier 2 emission factors as a function of manure
management practice (IPCC, 2006), accounting for direct deposi-
tion on pasture, to estimate the on-farm N2O emissions associated
withmanuremanagement. These emissions included direct nitrous
oxide emissions as well as indirect emissions resulting from both
ammonia volatilization and nitrate leaching followed by trans-
formation to nitrous oxide. An interesting system boundary issue
for the LCA arises in manure handling: if manure fertilizer is
included in the crop growth life cycle stage (as done here), then the
system boundary for the dairy farm, in terms of N cycling, should
NOT include land application of manure and associated emissions
from the land application (Nemecek, Kägi, & Blaser, 2007). If these
emissions are counted, then there will be a de facto double
counting of nitrous oxide emissions from land applied manure. In
this study, we chose to assign the manure N related emissions to
the crop as an input to the farm.
2.2.4. Biogenic carbon and sequestration
For the purpose of this study, we have assumed most crop land
under cultivation in support of the dairy industry has seen stable
production practices in recent history, thus there is relatively little
change in soil carbon content, and therefore sequestration of
carbon dioxide by growing plants has not been counted. This
simpliﬁes the modeling of the system because it is not necessary to
account for respiration or other delayed emissions. It is well
documented that when tillage practices change from conventional
to conservation or to no till then there can be measurable increases
in the carbon content of the soil (Christopher & Lal, 2007; Johnson
G. Thoma et al. / International Dairy Journal 31 (2013) S29eS40 S33et al., 2007; West & Marland, 2002; West & Six, 2007). Thus, for
site-speciﬁc conditions where tillage practices have changed, it
would be appropriate to include sequestration of below ground
biomass to the extent that it can be documented; however, at the
scale of this analysis, inclusion of site-speciﬁc tillage practice
was not feasible. Because of the difference in global warming
potential of methane and carbon dioxide it is clear that the
methane cannot be treated as a carbon-neutral emission; therefore
biogenic methane is counted, both as enteric methane and
methane released during manure management. Methane eventu-
ally degrades to CO2 in the atmosphere; the radiative forcing of this
CO2 is not counted in the GWP of methane emissions, and therefore
for biogenic methane balances the carbon removed from the
atmosphere during plant growth.
2.2.5. Co-product allocation
Where multiple products, in this case milk and beef, are
produced in combination from a single operation, LCA requires that
the environmental burdens from the overall operation be allocated
between the multiple products. Brieﬂy, the approach represents an
effort to follow the ISO hierarchy for allocation decisions in which
a biophysical basis is preferred over mass or economic based allo-
cation. For this study, the algorithm used has been recommended by
the International Dairy Federation (IDF, 2010) and is conceptually
similar to the biological allocation presented in Cederberg and
Stadig (2003) where an estimate of the feed energy deposited in
the beef and milk products is made, and the ratio of those input
feed energies is used to allocate the unattributed environmental
burdens. Thoma, Jolliet, andWang (2012a) describe the basis for this
allocation procedure which has been adopted as a practical method
by the IDF (2010). In brief, the dairy ration is the single largest input
to the production of milk, and the conversion efﬁciency to milk and
meat is not the same. Sufﬁcient nutritional information exists to link
milk and meat production to the necessary ration for this produc-
tion. It is then the ratio of feed consumed for milk versus that
consumed for meat which is used to deﬁne the allocation of whole
farm GHG emissions between the milk and meat produced.
2.2.6. Statistical averaging of inventory data
Given that the survey represents a population sample, it is
important to determine the most appropriate statistical analysis for
determining the representative average values for the whole pop-
ulation of dairies in each region and nationally. It is clear that
production weighted statistics are appropriate. For this study,
calculation of the regional and national average inputs of electricity,
feed, etc. for production of fat and protein corrected milk was per-
formed assuming a delta-log normal distribution for the input data.
In situationswhere data are expected to be log-normally distributed,
which is often the case when negative values are not allowed, but
where zero consumption is possible, the delta-log normal distribu-
tion is appropriate (Zou, Taleban, & Huo, 2009). In this case, the non-
zero data are treated as a log normal distribution, and the mean is
corrected by multiplying by the probability that a value is non-zero.
x ¼ Prðx > 0Þexp

mþ s2

(5)
Where xis the mean value of the back-transformed, original data; m
is the FPCM production-weighted mean of the log-transformed
data Eq. (6); s2 is the variance of the log-transformed data Eq. (7).
The mean and variance of the transformed data is calculated as
an FPCM production weighted mean.
m ¼
XN
i¼1
ln ðxiÞwi (6)s2 ¼

1
XN
ðxi  mÞ2 (7)N
i¼1
Wherewi is theweighting factor for farm i deﬁned as the fraction of
all milk production reported by survey respondents that was
produced on that farm, and xi is the parameter under statistical
analysis.
The mean value of the parameter, calculated in this manner, is
not artiﬁcially biased to larger values than are representative of the
population, and provides statistical moments that can be used for
conﬁdence band estimation, which is not possible if a simple
arithmetic weighted average, or normal statistics are employed.We
adopted the approach of Fletcher (2008) for calculation of the
conﬁdence bands for the mean based on the delta-log normal
distribution.3. Results and discussion
3.1. Weighted-mean and median GHG emissions
In this study, the production-weighted national average GHG
emission per kg FPCM at the farm gate was 1.23 kg CO2e. Figs. 4e8
present box-whisker plots showing the range of carbon footprint
observed in each region; on the right hand axis, information from
the survey on the feed conversion efﬁciency and milk allocation are
presented. Feed conversion efﬁciency is deﬁned, for purpose of this
study, as the ratio of the dry matter intake (kg day1) with the daily
production of FPCM (kg day1), and thus smaller values indicate
more efﬁcient conversion of the feed-to-milk. The milk allocation
ratio, calculated according to the IDF (2010), is the fraction of the
whole farm emissions that are attributed to milk production; the
national average is approximately87%of the cradle to farmgateGHG
emissions are assigned to the milk. The box bounds the 25th and
75th percentiles of the calculated carbon footprint. The median or
50th percentile is marked by the black horizontal line. The narrow
gray boxes show the 10th and 90th percentiles, and individual
markers are given for the outliers. The red line is plotted at the
calculated weighted mean value of the population following the
method described above. The box plots do not differentiate among
farms regardless of herd size or annualmilk production. Theposition
of theproductionweightedmeans (red line) on theboxplot provides
insight into the effect of larger farms, because the production
weightedmeanvalue is necessarily shifted in the direction of greater
annual production e generally larger milking herds. In cases where
theweightedmean is above (sometimeswell above) themeanvalue,
as for manure in all Regions, it indicates that the farms with more
production tend to use manure management systems that emit
larger quantities of GHG. Similarly, the plots for feed conversion
efﬁciency show that the larger farms generally perform better
(lower quantity of feed needed per kg of milk produced) than the
median farm. This suggests an opportunity for technology transfer
across scales. There is relatively lowvariation in the fraction ofwhole
farm GHG emissions allocated to milk, with the exception of a few
outliers, which were correlated to higher cull rates.
The inﬂuence of farm size, across regions, was examined. In
Regions 4 and 5, larger farms tended to have both higher manure
emissions and higher GHG emissions than the median emissions in
the same region. However in Regions 1, 2, and 3, while larger farms
had greater manure emissions than other farms they generally
had slightly smaller than median GHG emissions. However, the
signiﬁcant variability in manure GHG emissions indicates that an
opportunity exists to reduce emissions through changes in
management; similarly the wide variability in feed conversion
points to opportunities for reduced GHG emissions through feed
Fig. 4. Contributions to the farm-gate greenhouse gas (GHG) emissions in Region 1.
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to take advantage of speciﬁc animal physiologies. As shown in Fig. 6,
the conversion efﬁciency of larger farms in Region 3 translates into
a production weighted enteric methane emission that is near the
25th percentile.
Considering the data presented for Region 4 in Fig. 7, it is clear
that larger farms perform near the 25th percentile for fuel, enteric
and feed GHG emissions as well as the 25th percentile in feed
conversion efﬁciency. The shift of the weighted mean for manure
management in this region seems to correlate with the reportedFig. 5. Contributions to the farm-gate greenhouse gas (GHG) emissions in Region 2. While r
in GHG emissions.higher frequency of adoption for anaerobic lagoons compared to
other regions. One result is that larger farms have higher than
median GHG emissions in this region; a similar observation can be
made for Region 5 (Fig. 8). Manure management in this region, on
a productionweighted basis, contributes more GHG emissions than
feed or enteric fermentation. Enteric fermentation is the largest
single contributor in all the other regions. This strongly suggests
that implementation of methane capture technologies should be
considered as a priority in this region. In general, variability in
a system is a strong indication that there exist opportunities forelatively few responses were received from Region 2, there is still signiﬁcant variability
Fig. 6. Contributions to the farm-gate greenhouse gas (GHG) emissions in Region 3.
G. Thoma et al. / International Dairy Journal 31 (2013) S29eS40 S35industry scale GHG emissions reductions through identiﬁcation of
practices at the more efﬁcient operations that can then be adapted
for export to other operations.
With the exception of manuremanagement, theweightedmean
GHG emission value is closely approximated by the median; for
manure management the mean value is closer to the 75th
percentile. The reason for this is that the statistics used to create the
mean value are weighted by each farm’s milk production, and
larger farms tended to have manure management practices which
emit moremethane than practices more common on smaller farms.
It is not clear that this currently represents an opportunity forFig. 7. Contributions to the farm-gate greenhreduction, because the economics of manure management may
dictate the practice as a function of size; as digesters become more
cost effective, there will be signiﬁcant opportunity for GHG
reduction on these farms. Other comparisons of theweightedmean
with the median farm for other categories from the box plots, the
feed conversion data suggest that larger farms have approximately
14% better feed conversion efﬁciency (0.77 versus 0.88 kg feed kg1
FPCM) and somewhat lower enteric methane emissions per kgmilk
produced (also the result of better feed conversion efﬁciency).
Fig. 9 presents an alternate view of the farm survey respondent
results. The respondents were grouped by the fraction of lactatingouse gas (GHG) emissions in Region 4.
Fig. 8. Contributions to the farm-gate greenhouse gas (GHG) emissions in Region 5.
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within the group. Two interesting results are apparent from this
presentation of the data. First, the GHG emissions from farms with
signiﬁcant grazing are not a strong function of the fraction of forage
obtained through grazing. Second, the range in overall farm GHG
emissions for grazing systems signiﬁcantly overlaps the range for
conﬁned animal feeding operations (CAFO). This observation
suggests that there are other management decisions that are more
signiﬁcant drivers for GHG emissions than pasture versus CAFO.
Finally, the most apparent driver for CAFO GHG emissions appears
to be manure management as the manure emissions contribution
increases steadily with the overall GHG emissions across the CAFO.
3.1.1. On-farm fuel consumption
Fig. 10 presents the information collected from the farm survey
regarding on-farm energy consumption. The technosphere ﬂowsFig. 9. Ranked farm-gate GHG emissions as a function of the fraction of annual dry
matter intake from pasture grazing.for fuel reported here do not include fuel consumed for crop
production, as this was separately accounted in crop production.
Large variation in energy efﬁciency (per kg FPCM at the farm gate)
among the regions is apparent. The origin of these differences is not
clear from the survey data; however, the existence of large varia-
tion in efﬁciency suggests that further investigation may yield
opportunities for transfer of farm practices from farms with higher
efﬁciency to other farms.
3.1.2. Enteric and manure management greenhouse gas emissions
Fig. 11 presents the regional production-weighted elementary
ﬂow emissions of methane and nitrous oxide from enteric
fermentation and manure management. The information is pre-
sented in terms of kg of GHG emitted per kg of FPCM at the farm
gate; the average enteric methane emissions for the dairy herd,
including replacements, was 95 kg CH4 head1 y1, with a stan-
dard deviation of 9.5 kg CH4 head1 y1. This does not include
manure deposited on pasture, which, because the quantities were
small, was aggregated into CO2e. Note that the pasture emissions
do not include daily spread of manure as a management system,
but only manure deposited directly during the time animals are on
pasture. Survey responses distinguished between grazing time
and time on pasture e thus manure deposited on the ﬁeld in
winter months when the animals were not grazing is accounted
for in the pasture emissions. The major points of interest from
these data are methane emission from manure management in
Region 4, and pasture emissions from Region 2. The ﬁrst is
a consequence of the relatively large fraction of reporting farms
which used anaerobic lagoons for manure management e this
technology is one of the highest producers of methane, and
suggests opportunities for reduction of emissions through instal-
lation of methane capture technology. The higher pasture emis-
sions from Region 2 are due to a somewhat higher proportion of
time on pasture; likely related to a combination of climate and
farm size. Another factor that inﬂuences the pasture emissions
estimate is the IPCC emissions factor of 2% of deposited N is
released as nitrous oxide; some work in New Zeeland suggests
that the emission factor may be lower, and on the order of 1%
Fig. 10. Components of the farm footprint associated with on farm fuel consumption. 95% conﬁdence intervals are shown with the error bars. Electricity consumption should be
read from the right hand axis.
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de Klein, Li, & Sherlock, 2005).
A full statistical analysis of the farm survey responses is pre-
sented elsewhere (Asselin- Balençon et al., 2012). Feed conversion
efﬁciency was shown to be the single most important explanatory
factor for differences between farms. The importance of feed
conversion is not a particularly surprising result: feed is a majorFig. 11. Manure management greenhouse gas (GHG) emissions. Manure emissions from pas
on the axes.farm input and, in combination with the speciﬁc animal genetics
and physiology, directly affects both enteric emissions and the
quantity and quality of manure excreted. The second most impor-
tant factor differentiating farms is the choice of manure manage-
ment technology; opportunities with some of the larger farms in
Region 4, where anaerobic lagoons were a commonly reported
management system, may be signiﬁcant.ture are reported as CO2e because the emissions of CH4 and N2O were too small to plot
Fig. 12. Comparison of greenhouse gas (GHG) emissions with region and farm size.
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One of the original questions prompting this research project
was whether there are differences in GHG emissions associated
with either farm size or region. While the survey responses were
not fully representative of the national farm or regional demo-
graphics, there were sufﬁcient responses to evaluate potential
differences. The selection of regions was, ultimately, a compromise
between creating representative areas (of production practice, size,
and climate), the number of responses needed for statistical
purposes, and available manpower. The regions were agreed
through a series of stakeholder engagements as described by Popp
et al. (2012). Fig. 12 presents this comparison for the 5 production
regions and 3 farm size classes. There is a general trend showing
that smaller farms have slightly larger carbon footprint, which is
correlated with slightly lower feed conversion efﬁciency. The error
bars in this ﬁgure report only the variability from the survey data
and do not include additional uncertainty arising from uncertain
input parameters in the LCA model, and therefore, drawing strong
conclusions from this data is not supported. Nevertheless, there are
trends that support some analyses: there is a general trend of lower
fossil fuel contribution associated with increasing farm size, which
results from expected economies of scale. There is also an observ-
able trend in reduced enteric methane and to a lesser extent the
feed contribution. This trend is reﬂective of the observed increase
in feed conversion efﬁciency with larger farms, which may corre-
late to a higher fraction of concentrate feeds in the ration. Finally,
and most obvious for Region 4, is the increased contribution from
manure management on the larger farms. This is associated with
the more prevalent use of anaerobic lagoons previously discussed.3.3. Variability and uncertainty
The conﬁdence intervals presented in the ﬁgures in this paper
represent the 90% conﬁdence interval (CI) that the true mean of the
variable falls in the range; for this study themean GHG emissions at
the farm gatewere 1.23 kg CO2e kg1 FPCMwith a 90% CI range from
1.2 to 1.25 kg CO2e kg1 FPCM. In the LCA context, this represents the
inherent variability in the measurements and not the total uncer-
tainty in the estimate that would include an additional assessment
of data quality via an approach such as the pedigree matrix
(Weidema,1998). There is a tendency to over-value point estimators
like mean or median. More appropriate interpretation of LCA esti-
mates are as distributions about a mean, rather than discrete points
supporting explicit comparisons of GHG sources. The degree of
characteristic variability indicates opportunities for improved
performance of the whole sector. For example, the wide range of
manure GHG emissions in Region 4 (Fig. 7) suggests that the high
emitters might be able to adopt practices employed by the low
emitters, and thus reduce GHG emission across the industry. A
Monte Carlo simulation for propagation of uncertain input infor-
mation from the entire upstream supply chain to deﬁne the uncer-
tainty range for the farm gate GHG emissions was conducted using
SimaPro software (Pre Consultants, The Netherlands). The results of
this analysis demonstrate additional uncertainty in the farm gate
estimate: the 90% CI ranges from 1.1 to 1.5 kg CO2e kg1 FPCM.
4. Conclusions
This work is a cradle to farm gate agricultural life cycle assess-
ment for USA dairy production, and establishes the current best
G. Thoma et al. / International Dairy Journal 31 (2013) S29eS40 S39estimate of baseline GHG emissions associated with production of
ﬂuidmilk in the USA in 2007. Future progress by the industry can be
assessed against this baseline level; of course, the same underlying
methodology used in this study must be followed to enable
comparison against the benchmark. The process has been open and
transparent, and the work has been reviewed by an international
panel. Unit process data will be submitted to databases that will
allow public access to this information so that others can base LCA
of products containing dairy products on the best available life
cycle inventory data.
A number of studies for dairy production report similar GHG
emissions at the farm gate (Bassett-Mens et al., 2009; Capper et al.,
2009; Cederberg & Flysjö, 2004; Cederberg & Mattsson, 2000;
Cederberg et al., 2009; Eide, 2002; Gerber et al., 2010; Guinard et al.,
2009; Haas, Wetterich, & Köpke, 2001; Thomassen et al., 2009). The
recent FAO report gives an average farm-gate GHG emission of
1.0 kg CO2e kg1 FPCM (Gerber et al., 2010), which is approximately
20% lower than that found in this study: 1.23 kg CO2e kg1 FPCM
(90% CI: 1.1e1.5 kg CO2e kg1 FPCM). The study highlights manure
management, feed production, and enteric methane as three areas
for innovation research.
The LCA results give insight into the innovation opportunities
for dairy production; however, these opportunities should be
carefully evaluated to guard against burden shifting and economic
considerations. The on-farm performance showed signiﬁcant
variability (Figs. 4e8); identiﬁcation and recognition of this vari-
ability suggests that opportunities exist for improvement for the
lower performers. It is not surprising that the three largest GHG
contributors are feed, enteric methane, and manure management.
Nutrient management strategies on the dairy farm that link
inorganic fertilizer use with application of manure for crop
production should be integral to any GHG reduction approach.
Approximately 450,000 tons of nitrogen frommanure (all livestock
sources, not only dairy) used as fertilizer is currently applied
annually to corn; however there are some barriers to further
utilization of manure as discussed by MacDonald et al. (2009).
Feed represents a large part of the GHG footprint of dairy, and
improving the conversion of feed into milk represents a signiﬁcant
opportunity for the reduction of CO2e emissions. Economic
considerations also support this conclusion, as methane produced
from enteric fermentation is essentially loss of feed energy that
could otherwise be converted to milk.
This study indicates that large dairy operations tend to have
a lower footprint because of more efﬁcient feed conversion; this
study does not provide an explanation for the observed feed
conversion difference. Further experimentation to continue
increasing feed conversion efﬁciency is also important, as this
variable alone explains over half of the observed variability in the
feed and enteric methane contribution to the farm-gate footprint.
Interestingly, grass production has a relatively high GHG footprint,
due to the ratio of inputs to yield. This could be improved through
the use of grass/legume (e.g., clover) mixes to reduce the need for
inorganic fertilizers. Because this study only considers GHG emis-
sions, there is need for further study in order to understand the full
range of environmental impacts before making decisions.
Manure management practices are one area that did not reward
the larger farms which tend to have slightly better feed conversion
efﬁciency. Anaerobic lagoons on larger farms and deep bedding on
smaller operations management systems are predominantly used
by the larger farms possibly for economic reasons, and themethane
emissions from these systems are signiﬁcantly higher than other
systems, such as dry lot and solid storage. On the surface, this seems
to indicate that a shift in practices could result in emission reduc-
tions; however, both the economic and environmental cost of
changing to a different system must be considered. Methanedigesters have great potential as a way to capture and potentially
utilize methane that is otherwise lost to the atmosphere, and
should be considered a high priority for these larger systems.
Acknowledgments
This workwas funded by the Innovation Center for US Dairy. The
quality and thoroughness of the ISO review panel was invaluable to
the project team. The review panel consisted of: Olivier Jolliet from
the University of Michigan, Robert Anex from the University
of Wisconsin, and Pascal Lesage from Interuniversity Research
Center for the Life cycle of Products, Processes and Services
(CIRAIG), École Polytechnique de Montréal. Quantis International
provided valuable copyediting assistance in the preparation of the
ﬁnal manuscript.
The InnovationCenter played an instrumental role in collection of
the on-farm data, as well as the information gathered from the pro-
cessing facilities and dairy cooperatives.Without the strong industry
commitment to collect high quality data across the supply chain, this
study would not have been possible. The Innovation Center also
assisted with testing of the survey instrument for the on-farm data
collection, to help provide wording to the questions enabling
collection of relevant data. Finally, the Innovation Center has worked
with the publisher in the establishment of this special issue.
Appendix A. Supplementary data
Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.idairyj.2012.09.010.
References
Adom, F., Maes, A., Workman, C., Clayton-Nierderman, Z., Thoma, G., & Shonnard, D.
(2012). Regional carbon footprint analysis of dairy feeds for milk production in
the United States. International Journal of Life Cycle Assessment, 17, 520e534.
ASAE. (2005). Manure production and characteristics (ASAE D384.2 MAR20050). St.
Joseph, MI, USA: American Society of Agricultural Engineers.
Asselin- Balençon, A. C., Popp, J., Henderson, A., Heller, M., Thoma, G., & Jolliet, O.
(2012). Dairy farm greenhouse gas impacts: a parsimonious model for
a farmer’s decision support tool. International Dairy Journal .
Basset-Mens, C., Ledgard, S., & Boyes, M. (2009). Eco-efﬁciency of intensiﬁcation
scenarios for milk production in New Zealand. Ecological Economics, 68,
1615e1625.
Belyea, R. L., Marin, P. J., & Sedgwick, H. T. (1985). Utilization of chopped and long
alfalfa by dairy heifers. Journal of Dairy Science, 68, 1297e1301.
Blaxter, K. L., & Clapperton, J. L. (1965). Prediction of the amount of methane
produced by ruminants. British Journal of Nutrition, 19, 511e522.
Boadi, D. A., & Wittenberg, K. M. (2002). Methane production from dairy and beef
heifers fed forages differing in nutrient density using the sulphur hexaﬂuoride
(SF6) tracer gas technique. Canadian Journal of Animal Science, 82, 201e206.
de Boer, I. J. M. (2003). Environmental impact assessment of conventional and
organic milk production. Livestock Production Science, 80, 69e77.
Capper, J. L., Cady, R. A., & Bauman, D. E. (2009). The environmental impact of
dairy production: 1944 compared with 2007. Journal of Animal Science, 87,
2160e2167.
Cederberg, C., & Flysjö, A. (2004). Life cycle inventory of 23 dairy farms in south-
western Sweden. (SIK Report 728). Gothenberg, Sweden: Swedish Institute for
Food and Biotechnology.
Cederberg, C., & Mattsson, B. (2000). Life cycle assessment of milk production d
a comparison of conventional and organic farming. Journal of Cleaner Produc-
tion, 8, 49e60.
Cederberg, C., Sonnesson, U., Henriksson, M., Sund, V., & Davis, J. (2009). Greenhouse
gas emissions from Swedish production of meat, milk and eggs 1990 and 2005.
(SIK Report 793). Gothenberg, Sweden: Swedish Institute for Food and
Biotechnology.
Cederberg, C., & Stadig, M. (2003). System expansion and allocation in life cycle
assessment of milk and beef production. International Journal of Life Cycle
Assessment, 8, 350e356.
Christopher, S. F., & Lal, R. (2007). Nitrogenmanagement affects carbon sequestration
in North American cropland soils. Critical Reviews in Plant Sciences, 26, 45e64.
Eide, M. H. (2002). Life cycle assessment (LCA) of industrial milk production.
International Journal of Life Cycle Assessment, 7, 115e126.
Ellis, J. L., Kebreab, E., Odongo, N. E., McBride, B. W., Okine, E. K., & France, J. (2007).
Prediction of methane production from dairy and beef cattle. Journal of Dairy
Science, 90, 3456e3466.
G. Thoma et al. / International Dairy Journal 31 (2013) S29eS40S40Fletcher, D. (2008). Conﬁdence intervals for the mean of the delta-lognormal
distribution. Environmental and Ecological Statistics, 15, 175e189.
Frischknecht, R., & Rebitzer, G. (2005). The ecoinvent database system:
a comprehensive web-based LCA database. Journal of Cleaner Production, 13,
1337e1343.
Gerber, P., Vellinga, T., Dietze, K., Falcucci, A., Gianni, G., Mounsey, J., et al. (2010).
Greenhouse gas emissions from the dairy sector: A life cycle assessment. Rome,
Italy: Food and Agriculture Organization of the United Nations, Animal
Production and Health Division.
Guinard, C., Verones, F., Loerincik, Y., & Jolliet, O. (2009). Environmental/ecological
impact of the dairy sector: Literature review on dairy products for an inventory of
key issues, list of environmental initiative and inﬂuences on the dairy sector.
Bulletin of the International Dairy Federation (Report 436). Brussels, Belgium:
International Dairy Federation.
Haas, G., Wetterich, F., & Köpke, U. (2001). Comparing intensive, extensiﬁed and
organic grassland farming in southern Germany by process life cycle assess-
ment. Agriculture, Ecosystems and Environment, 83, 43e53.
Hindrichsen, I. K., Wettstein, H. R., Machmüller, A., Jörg, B., & Kreuzer, M. (2005).
Effect of the carbohydrate composition of feed concentrates on methane
emission from dairy cows and their slurry. Environmental Monitoring and
Assessment, 107, 329e350.
IDF. (2010). A common carbon footprint approach for dairy e The IDF guide to standard
life cycle assessment methodology for the dairy sector. Bulletin of the Interna-
tional Dairy Federation (Report 445). Brussels, Belgium: International Dairy
Federation.
IPCC. (2006). Waste. In H S. Eggleston, L. Buendia, K. Miwa, T. Ngara, & K. Tanabe
(Eds.), IPCC guidelines for national greenhouse gas inventories, Vol. 5. Hayama,
Japan: Institute for Global Environmental Strategies.
IPCC. (2007). The physical science basis. In S. Solomon, D. Qin, M. Manning, Z. Chen,
M. Marquis, K. B. Averyt, et al. (Eds.), IPCC second assessment: Climate change
1995. New York, NY, USA: Cambridge University Press.
Johnson, J. M., Franzluebbers, A. J., Weyers, S. L., & Reicosky, D. C. (2007). Agricul-
tural opportunities to mitigate greenhouse gas emissions. Environmental
Pollution, 150, 107e124.
Johnson, D. E., & Ward, G. M. (1996). Estimates of animal methane emissions.
Environmental Monitoring and Assessment, 42, 133e141.
Kelliher, F. M., de Klein, C. A. M., Li, Z., & Sherlock, R. R. (2005). Review of nitrous
oxide emission factor (EF3) data (report for the Ministry of Agriculture and
Forestry). Wellington, New Zealand: Ministry of Agriculture and Forestry.
Kinsman, R., Sauer, F. D., Jackson, H. A., & Wolynetz, M. S. (1995). Methane and
carbon dioxide emissions from dairy cows in full lactation monitored over a six-
month period. Journal of Dairy Science, 78, 2760e2766.
de Klein, C. A. M., Sherlock, R. R., Cameron, K. C., & van der Weerden, T. J. (2001).
Nitrous oxide emissions from agricultural soils in New Zealand e a review of
current knowledge and direction for future research. Journal of the Royal Society
of New Zealand, 31, 543e574.
MacDonald, J. M., Ribaudo, M. O., Livingston, M., Beckman, J., & Huang, W. (2009).
Manure use for fertilizer and for energy: Report to Congress (Administrative
Publication No. AP-037). Washington, D.C., USA: US Department of Agriculture
Economic Research Service.
Mills, J. A. N., Kebreab, E., Yates, C. M., Crompton, L. A., Cammell, S. B., Dhanoa, M. S.,
et al. (2003). Alternative approaches to predicting methane emissions from
dairy cows. Journal of Animal Science, 81, 3141e3150.Moe, P. W., & Tyrrell, H. F. (1979). Methane production in dairy cows. Journal of Dairy
Science, 62, 1583e1586.
Nemecek, T., Kägi, T., & Blaser, S. (2007). Life cycle inventories of agricultural
production systems (ﬁnal report ecoinvent V2.0 No. 15a). Dübendorf, Switzerland:
Swiss Centre for Life Cycle Inventories.
NOAA. (2008). National Oceanic and Atmospheric Administration online dataset. URL:
ftp://ftp.ncdc.noaa.gov/pub/data/gsod/2008/.
NRC. (2001). Nutrient requirements of dairy cattle. National research Council
Subcommittee on dairy cattle Nutrition, Committee on animal Nutrition
(7th rev. ed.). Washington, D.C., USA: National Academy Press.
Nutter, D., Ulrich, R., Kim, D. S., & Thoma, G. (2012). Greenhouse gas (GHG) emission
analysis for US ﬂuid milk processing plants: processing, packaging, and distri-
bution. International Dairy Journal .
Popp, J. S., Thoma, G. J., Mulhern, J., Jaeger, A., LeFranc, L., & Kemper, N. (2012).
Collecting complex comprehensive farm level data through a collaborative
approach: a framework developed for a life cycle assessment of ﬂuid milk
production in the USA. International Dairy Journal .
Thoma, G., Jolliet, O., & Wang, Y. (2012a). A biophysical approach to allocation of life
cycle environmental burdens for ﬂuid milk supply chain analysis. International
Dairy Journal.
Thoma, G., Popp, J., Nutter, D., Shonnard, D. R., Ulrich, R., Matlock, M. M., et al.
(2012b). Greenhouse gas emissions from milk production and consumption in
the United States of America: a cradle to grave life cycle assessment circa 2008.
International Dairy Journal .
Thomassen, M., Dolman, M., van Calker, K., & de Boer, I. (2009). Relating life cycle
assessment indicators to gross value added for Dutch dairy farms. Ecological
Economics, 68, 2278e2284.
Ulrich, R., Thoma, G. J., Nutter, D. W., & Wilson, J. (2012). Tailpipe greenhouse gas
emissions from tank trucks transporting raw milk from farms to processing
plants. International Dairy Journal .
USDA NASS. (2007). Agricultural chemical usage: 2006 ﬁeld crops summary (United
States Department of Agriculture National Agricultural Statistics Service data ﬁle).
Washington, DC, USA: US Department of Agriculture, URL: http://usda.mannlib.
cornell.edu/usda/nass/AgriChemUsFC//2000s/2007/AgriChemUsFC-05-16-
2007_revision.pdf.
USDA NASS. (2008). Crop production 2007 summary (United States Department of
Agriculture National Agricultural Statistics Service data ﬁle). Washington, DC,
USA: US Department of Agriculture, URL: http://usda.mannlib.cornell.edu/usda/
nass/CropProd//2000s/2007/CropProd-11-09-2007.pdf.
Weidema, B. P. (1998). Multi-user test of the data quality matrix for product life
cycle inventory. International Journal of Life Cycle Assessment, 3, 259e265.
Westberg, H., Lamb, B., Johnson, K. A., & Huyler, M. (2001). Inventory of
methane emissions from U.S. cattle. Journal of Geophysical Research, 106,
12633e12642.
West, T. O., & Marland, G. (2002). A synthesis of carbon sequestration, carbon
emissions, and net carbon ﬂux in agriculture: comparing tillage practices in the
United States. Agriculture, Ecosystems and Environment, 91, 217e232.
West, T. O., & Six, J. (2007). Considering the inﬂuence of sequestration
duration and carbon saturation on estimates of soil carbon capacity. Climate
Change, 80, 25e41.
Zou, G. Y., Taleban, J., & Huo, C. Y. (2009). Conﬁdence interval estimation for
lognormal data with application to health economics. Computational Statistics
and Data Analysis, 53, 3755e3764.
